Polydimethylsiloxane (PDMS)-based casting method was used to fabricate PDMS cell culture platforms with molds printed by a fused deposition modeling (FDM) printer. Cell viability study indicated that the produced plates have the suitable biocompatibility, surface properties, and transparency for cell culture purposes. The molds printed from acrylonitrile-butadiene-syrene (ABS) were reusable after curing at 65 C, but were damaged at 75 C. To understand thermal damage to the mold at elevated temperatures, the temperature distribution in an ABS mold during the curing process was predicted using a model that considers conduction, convection, and radiation in the oven. The simulated temperature distribution was consistent with the observed mold deformation. As the maximum temperature difference in the mold did not change appreciably with the curing temperature, we consider that the thermal damage is due to the porous structure that increases the thermal expansion coefficient of the printed material. Our study demonstrated that FDM, an affordable and accessible three-dimensional (3D) printer, has great potential for rapid prototyping of custom-designed cell culture devices for biomedical research.
Introduction
Commercially available in vitro cell culture models are widely used in drug screening to assess therapeutic efficacy and unwanted side effects [1, 2] . To improve the efficiency and throughput of the screening process, it is highly desirable to formulate a cell coculture model that enables the drug efficacy and toxicity on multiple organs to be evaluated simultaneously. Ideally, a cell co-culture model should allow cells derived from selected organs to share medium to include inter-organ interactions in the toxicological study [2] . Unfortunately, most commercially available cell culture plates do not accommodate user-specific medium sharing. Researchers have to design and prototype cell co-culture devices tailored to the specific research interests in their labs. Currently, polydimethylsiloxane (PDMS)-based casting is a widely adopted method in research labs to prototype biomedical fluidic devices that are designed to carry out disease diagnostics, to culture cells with a controllable microenvironment, and to examine chemical and biological processes with a high level of precision [3] . The production of such devices involves fabrication of a master mold with a negative design, curing PDMS liquid in the mold at elevated temperatures, and assembly of the device. Among these steps, fabrication of the master mold is the most time-consuming and costly process.
A number of traditional processes have been used to create master molds, which include, but are not limited to hot embossing, injection molding, laser photoablation, and photolithography [4] [5] [6] . Using a dedicated pressure equipment, hot embossing method creates a designed pattern by pressing an established mold against heated thermoplastic materials under a high pressure. Injection molding involves forcing melted thermoplastic materials into a heated mold cavity, followed by cooling down inside of the cavity. The requirement of a high-quality mold and dedicated equipment before production makes both methods timeconsuming and expensive for prototyping. Laser photoablation method applies a high-powered pulsed laser to remove the material from a plate of thermoplastic material [4] . This process is inexpensive but it takes extended time to create a pattern. In addition, the mold material has to be compatible with the laser. Photolithography is a comparably complicated process involving multiple operation steps, such as mask preparing, spin coating of photoresist, baking, and UV light exposure. This method is expensive, time-consuming, and dependent on sophisticated facilities in a clean room [5] . More details about other fabrication methods and the associated advantages and disadvantages can be found in Refs. [4] and [6] .
Recent development of three-dimensional (3D) printing technology has offered a simplified fabrication process to make complex structures directly from a computer aided design [7] [8] [9] [10] [11] [12] [13] [14] . Unlike the above-mentioned conventional methods, the 3D printing technology allows for rapid prototyping of a master mold without necessitating access to expensive facilities and/or established molds. The rapid prototyping nature of this technology also offers an affordable means to enabling agile iterative design and optimization. Components of microfluidic devices and integrated functional platforms have been fabricated using various commercialized 3D printing techniques, i.e., stereolithography, digital micromirror device-based projection printing, two-photon polymerization, fused deposition modeling (FDM), inkjet, and bioprinting [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . A variety of biomedical fluidic devices have been developed using 3D printing technologies [7, 8, 17] .
Besides creation of master molds, curing of liquid PDMS polymer is another important step in soft lithography. A high curing temperature reduces the required curing time while increasing the hardness of the final product [18] . Curing temperature of the PDMS also affects the mechanical properties of the cured PDMS parts [18] . The manufacturer of the elastomer (SYLGARD 184 SILICONE ELASTOMER, Ellsworth Adhesives, WI) suggests temperature-dependent curing time, for example, 35 min at 100 C, 20 min at 125 C, and 10 min at 150 C, etc [19] . These suggested curing temperatures might not be suitable for some 3D printed polymer-based molds because of their low threshold of glass transition temperature. To the authors' best knowledge, there is no existing thermal analysis of PDMS curing process.
In this study, we demonstrated a custom-designed PDMS cell co-culture plate made with an acrylonitrile-butadiene-syrene (ABS) mold. ABS was used because of its demonstrated biocompatibility and acceptable glass transition temperature for the curing process. The master molds were generated using an FDM printer due to its affordable cost and easy access to users [7, 8] . Designed with multiple inter-connected chambers, the multichamber cell culture plate is intended to serve as an efficient cell co-culture model that allows for user-specific medium sharing between cells housed in different compartments. The fabricated PDMS cell co-culture plates were tested for cell culture compatibility and cell viability. PDMS were cured with two different curing temperatures, and we observed that the ABS molds retained their structural integrity after curing in the oven at 65 C for an hour, but were damaged over the same duration when the oven temperature was 10 C higher. To understand the cause of mold damage, we also performed numerical simulation to predict and analyze the transient and steady-state temperature distribution in PDMS and the mold during the curing process.
Material and Method
The custom-designed cell co-culture plate with a diameter of 85 mm is shown in Fig. 1(a) . It has a large chamber with a diameter of 27 mm located at its center and six smaller wells (18 mm in diameter) evenly distributed around the central chamber. All of the chambers are six millimeters in depth. Human primary hepatocytes are seeded in the center chamber while the cells derived from other organs including kidney, heart, and lung, are cultured in the surrounding chambers. Channels with a width of four millimeters are designed to connect a chamber with adjacent ones enabling medium sharing with the assistance of an orbital shaker. The corresponding master mold for this plate is shown in Fig. 1(b) . The plate was designed using the commercial software, SOLIDWORKS.
The fabrication process involves three major steps: (1) prototyping of the mold using an FDM printer, (2) surface treatment of the mold, and (3) fabrication of PDMS platform. Each step is described in detail below.
3D printing of the mold: A 3D printer (TAZ 5, LULZBOT, CO) was used to print the mold using ABS filament (3 mm, LulzBot, CO). It typically took 3-4 h to print the designed mold. After molds with base thicknesses of 2 mm, 3 mm, and 4 mm were tested, we found that a minimum thickness of 3 mm is necessary to prevent the mold from warping at the chosen curing temperatures.
Surface treatment: The surface roughness of the printed parts with an FDM printer mainly depends on the deposited layer thickness. The FDM printer (TAZ 5, LULZBOT) allows deposition layer thickness to be adjusted in the range from 350 microns to 750 microns. Even when we used a layer thickness of 350 lm, the printed molds still had a poor surface finishing. The uneven surface, if untreated, would be transferred to the cast PDMS part. The surface roughness of the plate would not only hinder cell growth but also yield poor optical transparency, making it difficult to monitor cell growth under a microscope. In this study, the 3D printed mold was treated in a closed environment with several paper towels saturated with 50 ml pure Acetone (Pure Acetone Remover, MI). Usually, it took 1.5-2 h to obtain a smooth surface. The porosity of the 3D printed parts was also measured. The mold was weighted first. Then the mold was fully submerged into a beaker initially containing 300 ml of water and the total volume was read. The volume of the mold, V mold , was determined as the difference between the total volume and the initial water volume. The volume of the solid ABS in the mold, V abs was determined as m mold /q abs , where m mold is the measured mass of the mold and q abs is the density of the ABS material [20] . The porosity of the mold, which is defined as volumetric fraction of the pores, was calculated as u f ¼ 1-V abs /V mold .
Casting and curing of a PDMS platform: The prepared mold was first fixed to the bottom of a Petri dish (100 mm dia.) using a double-sided adhesive. 36 g of PDMS base was homogenously mixed with 3.6 g of the curing agent at a weight ratio of 10:1 (SYLGARD 184 SILICONE ELASTOMER, Ellsworth Adhesives, WI). Then, 39.6 g (40 ml) of the mixture was poured onto the mold fixed in the Petri dish. After degassing in a vacuum chamber (RS -1, Best Value Vacs, Napaville, IL) for an hour, the Petri dish was placed on a piece of fire brick in an oven (10GC, Quincy Lab, Inc., Chicago, IL) preheated to a setup temperature. After curing in the oven for an hour, the PDMS part was peeled. The mold, if undamaged, could be reused. At the end of the curing process, the steady-state temperature at the top surface of cured PDMS was measured using an infrared meter (Ti100, Fluke Imager, NC) and the interior temperature on the ceiling and four sides of the oven surfaces were measured using thermal couples (copper and constantan wires, 100 micro dia. each, California Fine Wire Company, Grover Beach, CA). A thermometer at the top of the oven measured the air temperature in the oven throughout the curing process.
Culture of human primary hepatocytes: Human primary hepatocytes (HPH) were provided by Bioreclamation, IVT (Baltimore, MD). HPH with an initial viability greater than 90% were seeded in the PDMS plates after collagen coating at 7.5 Â 10 5 cells per well. Following attachment to the plates, the HPH were overlaid with matrigel (0.25 mg/mL) in serum-free Williams Medium E, forming the typical sandwich culture for hepatocyte cultures. HPH were kept in supplemented Williams Medium E and incubated at 5% CO 2 and 37 C. Cells were visualized with a Nikon Eclipse Ti Microscope.
Cell viability assay: HPHs were seeded at 7.5 Â 10 5 cells/well in collagen-coated 12-well plates or the PDMS plates following collagen coating. Cells were incubated for 72 h at 37 C and 5% CO 2 . A typical 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT) assay was performed. Cell viability was expressed as the percentage of the cells grown in the typical collagen-coated 12-well plates.
Numerical Modeling of Curing Process
As shown in Fig. 2 , a Petri dish containing PDMS polymer and an ABS mold was placed on a piece of fire brick in the pre-heated oven for 60 min. The glass transition temperature of the ABS, which is 104 C, sets up the upper limit of the curing temperature. Moreover, temperature difference in the mold during heating may cause warpage. To acquire information on the thermal conditions during the curing process, a heat transfer model considering conduction, convection, and radiation was developed to predict the transient and final temperature distributions in the PDMS and the ABS mold. Heat conduction in the PDMS material, the mold, and the fire brick is expressed by the traditional heat conduction equation as
where q is the density, C p is the specific heat, T is the temperature, and k is the thermal conductivity. Subscript i designates different materials, which are the PDMS, the ABS mold, and the fire brick base. Previous study shows that the volume shrinkage of PDMS after polymerization is less than 0.6% [19, 21] . Therefore, the density of the PDMS is assumed constant throughout the curing process. Determining the thermal conductivity of the PDMS before complete polymerization is difficult because the rate of polymerization is unknown. Considering the temperature in the mold at the later stage of curing is more relevant to the mold deformation, we used temperature-dependent thermal conductivities of the cured PDMS in the thermal analysis of heat-induced mold deformation. The thin-walled Petri dish is not considered in the model as it has similar properties as the ABS. Perfect contact is assumed at the interfaces between the PDMS and the mold because air pockets trapped at the interface have been eliminated by the degassing process. The contact resistance between the Petri dish and firebrick is estimated to be 2.75 m 2 K/W based on a smooth surface of Petri dish [22] and has been included in the heat transfer model. Thermal properties of the PDMS, the ABS mold, the air, and the fire brick are given in Table 1 [19, [23] [24] [25] [26] [27] [28] [29] [30] .
For curing temperatures in the range from 60 C to 90 C, peak radiation in the oven falls in the infrared spectrum with a wavelength range between 8 and 8.7 lm. The transmittance of PDMS films over this range of spectrum was studied by Chen et al. [31] . They measured the transmittance of PDMS film in the midinfrared spectrum for three different mixing ratios of the PDMS base and the curing agent: 8:1, 10:1, and 12:1. This study shows that when PDMS base and curing agent mixing ratio is 10:1, the PDMS layer has a significantly low transmittance for wavelength around 8 lm. Therefore, we assume the 3 mm-thick PDMS layer on top of ABS as an opaque medium for radiation heat transfer.
The 3D printed products by the FDM method have porous structures and their thermal conductivities are porosity-dependent. The porosity of the 3D printed parts used in this study has been measured to be 0.25 6 0.03. Numerous empirical models have been developed to evaluate the effective thermal conductivity of composite materials [32, 33] . The Maxwell model was first introduced to evaluate effective thermal conductivity in a heterogeneous medium, but it is only validated when the porosity is less than 0.25. Many researchers modified Maxwell's model and considered different effects such as filler loading, particle size, particle shape, and homogeneity of the dispersed phase in the matrix [32, 33] . For evaluating the effective thermal conductivity of 3D printed parts, we used the Maxwell, Effective Medium Theory, Brueggemann, and Russell methods. The expressions of the models and evaluated effective thermal conductivity are given in Table 2 . The result from Russell method was used in the simulation as it emphasizes the connectivity of the solid structure, which is pertinent for 3D printed parts by an FDM printer. The thermal conditions of the simulation are shown in Fig. 2 . Before curing, the PDMS liquid and the ABS mold are at the room temperature of 20 C. The assembly of the mold, the PDMS liquid, and the fire brick exchange heat with the surrounding environment by radiation and natural convection. As the surface area of the assembly is much smaller than the interior surface area of the oven, radiation heat transfer is approximated as radiation between a small object enclosed by a large isothermal surface. The boundary condition is thus expressed as
where T air is the air temperature, T w is the temperature of the interior oven surface, n is the unit vector pointing outward of the part, r is the Stefan-Boltzmann constant, e is the emissivity of the PDMS or the ABS mold, and h is the heat transfer coefficient. The emissivity of the PDMS and ABS mold is 0.86 [13] . T air was measured by a built-in thermometer during the curing process. The air temperature was observed to be nearly constant during the curing process. According to the manufacturer of the oven, the maximum temperature variation over the interior wall surface of the oven is less than 3 C after a steady-state is established. Our measurements confirmed that the maximum interior surface temperature variation at the curing temperatures of 65 C and 75 C were 61.75 C and 62.25 C, respectively. Thereby, the temperature variation over the interior surface of the oven was minor and therefore, neglected. Also, the air temperature measured by the thermometer at the ceiling of the oven remained nearly constant during the curing process. Therefore, the change in the surface temperature due to the placement of the PDMS was not considered either. Instead, the temperatures measured at the center of the top and the side surfaces of oven were averaged to obtain T w to assume a uniform oven environment. The fire brick base was preheated in the oven and was assumed to be at the same temperature as the air before curing.
The natural convection heat transfer coefficient, h, is dependent on the temperature difference between the cured parts and the surrounding environment. The heat transfer coefficient for natural convection on a horizontal surface is expressed as [22] 
where Gr L is the Grashof number, Pr is the Prandtl number, which is ðv=aÞ, L c is the characteristics length of the PDMS layer, and v and a are kinematics viscosity and thermal diffusivity of the air, respectively [22] . Grashof number is defined as Gr
where g is the gravitational force, b is air thermal expansion coefficient, which is 1/T for ideal gas, and T s is the top surface temperature of the PDMS. In the numerical solution, the temperature at the center of the PDMS surface was used as T s .
In this study, heat generation due to polymerization of PDMS is neglected after an order-of-magnitude analysis. Previous study showed that heat generation is 2.79 kJ/mol at 25 C and 23.4 kJ/ mol at 77 C for D 3 based PDMS [34] . Using the higher amount of heat generation at 77 C, and assuming the polymerization rate is constant and is completed within 30 min, the rate of heat generation is estimated to be 0.122 W. The radiation heat transfer rate q radi from the oven to the top surface of the PDMS is estimated using below equation:
For a curing temperature of 65 C, the radiation heat transfer rate is 2.8 W at the beginning of the heating and 1.2 W when the PDMS surface temperature reaches 50 C. Since the calculated polymerization heat generation rate is one order of magnitude lower than the radiation heat transfer rate, it is neglected in this study. [26] 1000 [30] a Properties of ABS mold are calculated based on porosity of 3D printed part. 
Effective medium theory [32] 
Russell [32] 
Note: k eff , k m , and k f are the thermal conductivity of ABS mold, ABS polymer, and the air, respectively, and u m and u f are volume fraction of ABS polymer and the air, respectively.
The geometries of PDMS, the mold, and the fire brick base were generated and assembled in SOLIDWORKS. Then the geometry was imported into ANSYS FLUENT 18.2. A nonstructured grid system was employed to solve the heat conduction equation with the supplemented boundary conditions. A mesh with 328901 tetrahedral elements was used in the simulation. In the study of mesh dependency, a refined mesh with a doubled amount of elements yielded less than 2% difference in the maximum temperature. The second-order central scheme was used for the spatial discretization in the implicit form. A time increment of one second was used for this simulation. For each time-step, the residual of the energy equation was less than the 10 À6 . Increasing time-step to 10 s will cause a difference less than 3% in maximum temperature in the mold. Due to the limited measurement available during the curing process, the simulation was validated by comparing the measured and simulated temperature at the center of the top of the PDMS layer at the end of the curing process.
Results and Discussion
4.1 Experimental Results. The ABS mold after surface treatment is shown in Fig. 3(a) and the fabricated PDMS cell culture plate is displayed in Fig. 3(b) . With the oven temperature set at 65 C, the air temperature measured 60 C and the average inner surface temperature of the oven measured 70 C. At the end of curing, the surface temperature of PDMS was measured as 64. 5 C using an infrared thermometer. The ABS mold retained structural integrity and can be reused for curing at this temperature.
For the curing temperature of 75 C, the air temperature measured 70 C, and the average wall temperature of the oven was 80 C. As shown in Fig. 4 , despite its glass transition temperature of 104 C, mold deformation occurred at the outer edge of the cylindrical column. To understand the cause of mold deformation, numerical simulation was performed to obtain the highest temperature and temperature difference in the mold during the curing process for the two curing temperatures. C, the simulated temperature at the geometrical center of top PDMS surface is 63.75 C, which is close to the measured value of 64.5 C. We observed that the pattern of the temperature distribution is similar for these two curing temperatures. The highest temperatures and temperature gradients were observed at the outer edge of the cylindrical column. It is not surprising that deformation occurred at the same location. The largest temperature difference in the ABS mold after 60 min of curing was about 2.85 C for curing at 65 C and 3.23 C for curing at 75 C. The simulated temperature distributions on the top PDMS surface at the end of curing are shown in Figs. 7(a) and 7(b), respectively. For both curing temperatures, the highest temperature in the mold was below the glass transition temperature of ABS, and elevated curing temperature did not significantly increase the temperature difference in the mold. If we assume that the thermal expansion coefficient of ABS is constant over the range of 65-75 C, then temperature difference alone cannot explain the observed deformation at the edge of the cylindrical column at the higher curing temperature.
One possible explanation for this observation is the increased thermal expansion coefficient of the printed part due to the high temperature and the presence of pores in the ABS material [35] [36] [37] [38] . Both elevated temperatures and the presence of porous structure reduce the Young's modulus of polymer-based materials decreases. The effect of porosity on the effective Young's modulus of ABS material is described by the power-law empirical relationship of Phani and Niyogi [35] [36] [37] [38] , which is expressed as
In Eq. (4), E 0 is Young modulus of the bulk material, p c is porosity of the bulk material, which is 100%, p is the porosity of the porous material, and f is a positive parameter, which depends on the grain morphology and pore geometry of porous material [36] . With a reduced Young's modulus, it is not surprising that the porous ABS structure expands more and is subject to visible deformation under a higher curing temperature. Nevertheless, quantitative characterization of the relationship between thermal expansion behavior and porosity of the printed part is needed to confirm the role of porous structure in the mold deformation. Transactions of the ASME We also studied the transient behavior of temperature changes during the curing process. Figure 8 presents the simulated highest and lowest temperature in ABS molds throughout the curing process with different setup temperatures. The temperature in the mold increased rapidly in the first 20 min and did not change appreciably afterwards. Also, the maximum temperature difference in the first 20 min was more sensitive to curing temperature. One limitation of this study is the lack of information on the polymerization rate, which directly affects the thermal properties of the PDMS before complete polymerization. As the mold deformation occurs when the mold reaches and stays at the highest temperature during the later stage of the curing process, using the thermal properties of the cured PDMS has minor impact on the simulation of steady-state temperature distributions, but it may affect the transient behavior at the beginning the curing process.
Human primary hepatocytes cultured in the produced PDMS culture plates maintained typical morphology over a 72-h period as displayed in Fig. 9 . Further, the viability of cells cultured in the PDMS plates was comparable to that of HPH cultured in standard collagen-coated 12-well plates as shown in Fig. 10 . Further, a prototypical MTT assay demonstrated no difference in cell viability between HPH cultured in the two plates after 72 h. These results indicate that the PDMS plates are suitable for culture and growth of cell lines for in vitro experimentation.
Conclusion
We fabricated PDMS cell culture plates using PDMS-based casting method with 3D printed molds. Thermal analysis of the curing process was performed to understand thermal damage to the mold at elevated temperatures. The FDM, a low-cost threedimensional printing method, was used in this study to create molds from ABS material. Cell viability studies indicate that the produced PDMS plate has the suitable biocompatibility, surface properties, and transparency for cell culture purpose. The mold was reusable after curing at 65 C but was damaged at temperatures far below its glass transition temperature. Numerical studies of the heating process in the mold suggest that the temperature difference is not the only cause of the observed thermal deformation at a higher curing temperature. We consider that both the high temperature and the porous structure play a role in the thermal damage. As both cause reduced Young's modulus of the structure, they increase the thermal expansion coefficient of the ABS porous structure and lead to mold deformation. With careful control of the curing process, the low-cost 3D printing technology has potential for rapid prototyping of custom-designed cell culture device for biomedical research. 
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